Abstract -The implied volatility (IV) is widely believed to be the best measure of exchange rate volatility. Despite its widespread usage, the IV approach suffers from an obvious chicken-egg problem: obtaining an unbiased IV requires the options to be priced correctly and calculating option prices accurately requires an unbiased IV. We contribute to this literature by developing a new model for exchange rate volatility which we term as the "moneyness volatility (MV)". Besides eliminating the chickenegg problem of IV, the MV approach outperforms the IV in forecasting ability in both in-sample and out-of-sample tests. The F-test, Granger-Newbold test and Diebold-Mariano test results consistently reveal that MV outperforms IV in estimating as well as forecasting exchange rate volatility. Furthermore, test results reveal that our approach works well for the six major currency options. Our pioneering approach in modeling exchange rate volatility has far-reaching implications for academicians, professional traders and risk managers.
INTRODUCTION
Extant research is consistent with the view that implied volatility (IV) represents the best approach for estimating currency volatility for pricing options and for forecasting future volatility. Using data from currency options, [1] found that IV derived from currency options captures nearly 50 percent of the actual currency volatility. Reference [2] examined the informational efficiency of the currency options market in the Philadelphia Stock Exchange (PHLX). They studied four currencies (the British pound, the Mark, the Yen and the Swiss franc against the U.S. dollar) over a period from January 1985 to January 1992. They found that option prices contain incremental information about future volatilities. Reference [3] examined the predictive power of IV for the Mark, the Yen and the Swiss franc against the U.S. dollar, traded in the Chicago Mercantile Exchange. Jorion's results suggest that IV outperforms statistical time-series models in terms of information content and predictive power. Reference [4] use OTC currency options and finds that IV provides largely unbiased and fairly accurate forecasts of the actual volatility one month and three months ahead. Reference [5] presented evidence that the IV, in the case of option prices, contains information that is not present in past returns for the Brazilian exchange rate against the U.S. dollar. All of the above evidence now favors the conclusion that IV is more informative than historic daily returns when measuring foreign exchange volatility. Furthermore, traders and risk managers believe that implied volatility represents the best exchange rate volatility forecast, and therefore use this measure widely for pricing currency options.
Despite its widespread usage, the IV is not without problems. Several researchers argue that there is a constraint faced in obtaining unbiased IV using market prices. For instance, [6] suggests that IV may be a biased representation of market expectations when option prices do not represent equilibrium market price. Reference [7] provides similar evidence. The most serious criticism of IV comes from [8] who holds that the IV measure suffers from an obvious chicken-and-egg problem: the calculation of IV requires the option to be correctly priced, and the calculation of the appropriate option price requires an unbiased implied volatility estimate.
The literature can be summarized as stating that IV is the best predictor of exchange rate volatility for pricing currency options but that the procedure to estimate the unbiased IV is a chicken-egg dilemma. Consequently, we develop an idea the moneyness volatility (MV) as an alternative of IV. For fit-insample and out-of-sample, the results of the F-test, the Granger-Newbold test [9] and the Diebold-Mariano test [10] consistently show that the MV outperforms IV in estimating the exchange rate volatility.
The study is organized as follows. The next section gives the research methodology. Section III provides descriptions and analysis of the data used in this study. In section IV, the results of empirical analysis are presented. The main findings are summarized in section V.
II. METHODOLOGY AND DATA
The methodology is divided into four sub-sections: the implied volatility, the moneyness volatility, realized volatility and implied and moneyness volatility performance.
A. Implied Volatility
The measure of volatility implied in option prices is called implied volatility (IV). We derive the IV from the currency options pricing model. Black and Scholes [11, BS] developed a closed-form solution for pricing European non-dividendpaying stock options. This model is extended by [12] for continuous dividends. Because the interest gained on holding a foreign currency is equivalent to a continuously paid dividend on a stock, the Merton version of the BS model can be applied to foreign securities. To value currency options, stock prices are substituted for exchange rates. The European call and put currency options are priced as in equations (1) and (2), respectively,
The descriptions of notations used in equations (1) and (2) are as follows: t = option trading time C t = call price in domestic currency at t P t = put price in domestic currency at t S t = exchange rate at t X t = call and put strike price in domestic currency at t R t,d = risk-free domestic currency interest rate at t R t,f = risk-free foreign currency interest rate at t σ t = exchange rate volatility at t N = cumulative normal distribution function T = option expiration time IV is the value of σ t,IV which when substituted into equations (1) and (2), gives the market call and put option price, respectively. It is not possible to invert equations (1) and (2) with respect to the σ t,IV .
Therefore, in order to estimate IV, an iterative search procedure can be used for given options market prices. The Newton-Raphson and Dekker-Brent methods [13] , the two most popular iterative solver methods, are used frequently. The Newton-Raphson method uses derivative information and has quadratic convergence speed. The Dekker-Brent method uses a combination of the bisection, secant and inverse quadratic interpolation methods and is guaranteed to converge. The Newton-Raphson method is faster in processing but less robust than the Dekker-Brent method. Due to the robustness of the Dekker-Brent method, it is often chosen over the NewtonRaphson method in practice. Another drawback of the Newton-Raphson method is that it might cause machine failure because of an inappropriate division by a small number or it might send the next iteration out of a bracketed region.
In this paper, we use the Dekker-Brent method as an iterative solver in the MATLAB built-in function "blsimpv" to obtain an unbiased IV. The function "blsimpv" consists of equations (1) and (2) to calculate the implied volatility for call price σ t,IVC and the implied volatility for put price σ t,IVP, as in equations (3) and (4) below, respectively. Reference [14] suggests that an unbiased IV can be extracted from near-themoney options. Reference [15] finds that the mispricing of options is relatively low at-the-money (ATM). We thus use the ATM call price C t,ATM (C) and the ATM put price P t,ATM (P) as inputs for equations (3) and (4), respectively, with the default upper bound limit (L) for implied volatility at 1000% per annum and its termination tolerance (TL) at 0.0001.
There is no theoretically appropriate weighting scheme, in the literature, that can be applied to σ t,IVC and σ t,IVP to estimate IV. Reference [3] computed IV as the arithmetic average of that obtained from the two closest ATM call and put options. Following [3] , we estimate the annualized implied volatility σ t,IV on any given day as the arithmetic average of σ t,IVC and σ t,IVP ,
As daily data of trading days are used to provide the IV estimate, days when the exchange is closed are ignored, and the IV per day is
where, D is the number of trading days per year, assumed to be 252 consistent with extant literature.
B. Moneyness Volatility
Since the major drawback of the IV method is the use of option prices, we try a different approach. Our method is based on measuring the variability of forward looking "moneyness" We call this the moneyness volatility (MV) which is designed to estimate the exchange rate volatility. The options' moneyness (OM) identifies whether an option is either profitable or not for immediate exercise. An option is in-themoney (ITM), at-the-money (ATM) and out-of-the-money (OTM) when it provides a profit, neither a profit nor a loss and a loss, respectively. If a call and a put option have the same trading day t and strike price X t , their moneyness (ITM, ATM, OTM) from the next trading day (t + 1) to the options maturity day (T) can be expressed as (6) where, i = 1, 2, 3 ….,T-t and S t+i is the future spot price. In equation (6), a call (put) is ITM (OTM) for M t+1 <1; A call (put) is ATM (ATM) for M t+1 =1; A call (put) is OTM (ITM) for M t+1 >1. Equation (6) measures the moneyness of call and put option simultaneously. For call and put options with the same exercise, moneyness has the same magnitude but opposite sign. For instance, if the call is ITM by 5 U.S. dollars, then the put is OTM by 5 U.S. dollars, the same amount. Because future spot price S t+i in equation (6) is not available on trading day t, we can use the forward price as an unbiased predictor of the future spot price S t+i . Further, due to the non-synchronous nature of forward and options maturity dates, the futures price F t is used as the proxy for the forward price. The future spot price S t+i in equation (6) is thus replaced with the futures price F t+i as follows:
Using daily data, we can estimate the daily moneyness return of call and put options as follows:
The moneyness variance of call and put options over the remaining life of the options contract (i.e., from t+1 to T) is estimated as:
Because the call and put option's moneyness occurs concurrently with the same magnitude, the daily moneyness volatility σ t,DMV is half of the standard deviation of the combined moneyness variance as
The moneyness volatility method has two significant advantages over the implied volatility technique. First, it is computationally far simpler as compared to the IV technique. Second, it does not require efficiently priced options for its estimation. The MV technique also scores over the historical volatility method. While the historical volatility technique is not forward looking, the MV technique is forward looking since we use futures prices of the underlying currencies as a proxy for expected future spot prices.
C. Realized Volatility
The Realized volatility (RV) over the remaining life of the options is constructed from the daily return of exchange rate. Following [3] , we estimate the RV with an adjustment for mean. The daily return of exchange rate can be estimated as in equation (8),
where, i =1……(T-1). The realized variance of a trading day over the remaining life of the options contract is
The RV for a trading day is the standard deviation of the estimated realized variance in equation (9),
D. Implied and Moneyness Volatility Performance
The RV over the remaining life of the options represents the volatility of options underlying asset, that is, the volatility of exchange rate. The performance of IV and MV, therefore, can be assessed by their ability to forecast the RV. The assessment procedure is conducted for both in-sample and outof-sample forecasting ability. For in-sample tests, 519 estimated values of IV and MV are used to evaluate their capability to estimate exchange rate volatility. The F-test, Granger-Newbold test and Diebold-Mariano test are employed in the MV and IV performance evaluation process. The measure with the lowest mean square error is deemed to be the better measure.
The implied-volatility error ξ t,IV is the difference between σ t,IV and σ t,RV which are estimated by equations (5) and (10), respectively. For n number of observations, the impliedvolatility mean square error can be calculated as
Similarly, the moneyness-volatility mean square error for n number of observations can be calculated as
where the moneyness-volatility error ζ t,MV is calculated as the difference between σ t,MV and σ t,RV which are estimated by equations (7) and (10), respectively. The F-test is modeled as in equation (13) for n degrees of freedom to test the equality of MSE t,IV and MSE t,MV
The violation of any one of the following assumptions means that the ratio of the MSEs in equation (13) does not have an Fdistribution. The errors (MSE t,IV and MSE t,MV ) (1) have zero mean and are normally distributed; (2) are serially uncorrelated; (3) are contemporaneously uncorrelated with each other; If the first two assumptions above are valid, the Granger and Newbold test is the appropriate test, as it accommodates the problem of contemporaneously correlated volatility errors. If x t = (ξ t,IV + ζ t,MV ), z t = (ξ t,IV -ζ t,MV ) and r xz is the correlation between {x t } and {z t }, the Granger-Newbold (GN) statistic is given by equation (14) and it has a t-distribution with n-1 degrees of freedom,
To relax all of the three above assumptions, the test proposed by Diebold and Mariano is the ideal alternative, as it extends the Granger-Newbold (1976) test. In the Diebold and Mariano test, the differential loss from MSE t,IV and MSE t,MV is Equation (15) follows a t-distribution with (n-1) degrees of freedom. The objective of these series of tests is also to check the validity of the overall results.
For out-of-sample tests, we need to have enough observations for the in-sample and out-of-sample periods to have well-estimated coefficients and good forecasting power. We therefore consider the first 419 estimated values (about 80 percent of the total sample) of IV and MV for the in-sample period to generate 100 one-step-ahead out-of-sample forecasts (about 20 percent of the total sample). We use the ARMA (2,1) model, following [7] , to generate one-step-ahead forecast values of IV and MV. The first 419 estimated values of IV and MV are used to forecast the 420th value of IV and MV, respectively. Then, the first 420 estimated values of IV and MV are used to forecast the 421st value of IV and MV, respectively. Since we have total 519 estimated values of the IV and MV, we continue this process so as to obtain the 100 IV and MV series of one-step-ahead forecasts. Next, these 100 forecast values of IV and MV are compared with the 100 values of RV from 420 to 519 to calculate MSE t,IV (equation 11) and MSE t,MV (by equation 12), respectively. Further, the MSE t,IV and MSE t,MV values are analyzed using the F-test, Granger-Newbold test and Diebold-Mariano test as stated in equations (13), (14) and (15), respectively. This forms the basis for evaluating the IV and MV techniques with respect to their ability to forecast the exchange rate volatility.
III. DATA DESCRIPTION AND ANALYSIS
This study includes the six major currency options for the Australian dollar (AUD), the British pound (BP), the Canadian dollar (CAD), the Euro (EUR), the Japanese yen (JPY) and the Swiss franc (SF) of the World Currency Options (WCO) market, traded on the Philadelphia Stock Exchange (PHLX). The WCO market started trading on 24 July 2007 [16] , but data are only available from 18 December 2007 in DATASTREAM which is our data source. In this study, the ATM put-call pairs and ATM strike prices are obtained from The data set consists of daily closing spot exchange rates, the sample currency futures' settle price and daily risk-free interest rates for all currencies, including the U.S. dollar. Table 1 shows the descriptive statistics of the call, put, strike and spot prices. For most of the data series, the mean and median values are close, and skewness indicates nonsymmetric distribution. Moreover, the Jarque-Bera (JB) normality test rejects the approximately normal distribution assumption for sample currencies. However, the same mean values of the strike price and the spot price ensure that the sample currency options are traded ATM. The Jarque-Bera (JB) statistic follows a chi-square distribution with two degrees of freedom. The critical value of the chi-square distribution is 5.99 at the 5% level of significance. The statistical level at 5% is denoted by *.
IV. EMPIRICAL ANALYSIS
The empirical analysis starts with the in-sample test for using 519 observations. The F-test checks the equality between MSE t,IV and MSE t,MV using equation (13) to evaluate the performance of IV and MV in determining the exchange rate volatility σ t . The MSE t,IV , MSE t,MV and F-statistic are presented in columns 2, 3 and 4 of Table 2 , respectively. The F-statistic indicating MSE t,IV is statistically different from MSE t,MV at the one percent level of significance. Further, since the F-statistic is consistently more than unity it implies that MSE t,MV has a smaller value than that of MSE t,IV . It confirms for whole sample that the MV outperforms IV in estimating σ t . The F-test results are questionable if the volatility errors MSE t,IV and MSE t,MV are contemporaneously correlated with each other. The Granger-Newbold (GN) test accommodates this issue while examining the equality of MSE t,IV and MSE t,MV to assess the relative forecasting abilities of IV and MV. The GN-test is performed as in equation (14) and the results are given in Table 3 . The T-statistic in the last column of Table 3 shows that the MSE t,IV is statistically different from MSE t,MV at the 1% level of significance. The positive correlation coefficient in column 2 ensuring MSE t,MV holds smaller value compare to MSE t,IV . It substantiates for entire sample that the MV is superior to IV in estimating σ t . The GN test results are consistent with the F-test results reported in Table 2 . While one or all of the F-test assumptions as stated in the methodology section are not valid, the Diebold-Mariano (DM) test is appropriate for deciding the equality of MSE t,IV and MSE t,MV to compare the ability of IV and MV in interpreting σ t . The DM test is conducted using equation (15) based on the differential loss between MSE t,IV and MSE t,MV . The mean differential loss from MSE t,IV and MSE t, and the T-statistic are given in columns 2 and 3 of Table 4 , respectively. The consistently positive T-statistic shows that MSE t,IV is greater than MSE t,MV at the one percent level of significance. Further, the large positive T-statistic indicating MSE t,MV is substantially lower than MSE t,IV . It suggests for sample currencies that the forecasting ability of MV is better than that of IV. The DM-test results are consistent with our findings reported in Tables 2 and 3 using F-test and GN-test, respectively. One may, however, argue that the MV fits in-sample better due to the additional explanatory power from higher degrees of freedom. As a check, the predictive power of the MV against IV is now examined for out-of-sample. The F-test, GN-test and DM-test are performed for 100 out-of-sample forecasts and the results are presented in Tables 5, 6 and 7, respectively. Further, Tables 5, 6 and 7 are constructed similar  to Tables 2, 3 and 4, respectively. In the F-test, the F-statistic values in the last column of Table 5 indicate that MSE t,IV and MSE t,MV is statistically different at the one percent level of significance. Furthermore, the F-statistic value of more than unity indicates that MSE t,MV is consistently lower than that of MSE t,IV . It substantiates the in-sample results for sample currencies that MV outperforms IV in forecasting σ t . The Fstatistic in Table 5 is larger than that of Table 2 which indicates the robustness of of our F-test results. The outperformance of the MV approach relative to the IV technique is higher for out-of-sample forecasts as compared to in-sample estimations. For the GN-test, the T-statistic in column 3 of Table 6 shows that MSE t,IV and MSE t,MV are statistically different at the 1% level of significance. Further, the positive correlation coefficient in column 2 confirms that MSE t,MV is smaller than MSE t,IV . It leads us to believe that MV is superior to IV in forecasting σ t for the whole sample. The GN-test provides similar findings to those reported using F-test in Table 5 . Finally, the T-statistic of DM-test in Table 7 concludes that the MSE t,IV is statistically different from MSE t,MV at the one percent level of significance. Further, the large positive Tstatistic indicates that MSE t,MV has a smaller value compared to MSE t,IV . It confirms the superior ability of the MV technique in estimating σ t as comapred to the IV technique for all the sample currencies. The DM-test results support both the F-test and GN-test results reported in Tables 5 and 6 , respectively. Overall, our results are consistent with the view that the MV outperforms IV not only in estimating σ t in-sample but also in forecasting σ t in out-of-sample tests. V. CONCLUSION In the literature, the implied volatility (IV) technique is acknowledged as the best measure of exchange rate volatility σ t . However, some researchers have argued that the estimation process of IV entails an obvious chicken-egg dilemma. The obtaining of unbiased IV requires options to be priced correctly and estimating options prices correctly requires unbiased IV. Our contribution to this literature is that we develop a new approach to model volatility that avoids the chicken-egg dilemma. Our estimate of volatility is called the "Moneyness volatility" and performs better than IV in both in-sample and out-of-sample results.
Our analysis is divided into three steps. First, using [11] options pricing model, we estimate the implied volatility of call, IV C, and the implied volatility of put, IV P, for ATM (atthe-money) call and ATM put prices respectively. IV is estimated from averaging IV C and IV P . Second, we derive the moneyness volatility MV based on the option's moneyness during the life of the options. The option's moneyness (OM) identifies whether an option is profitable, neither profitable nor brings a loss or brings a loss from immediate exercise. The OM provides information that affects the pricing of both call and puts options in the market. For example, at the time of trading, if the call and put options are ITM and OTM, respectively, for the same strike price and maturity, the call market price should be higher than the put market price. We compute the volatility obtained from the options' moneyness (i.e., MV) as an alternative to IV in measuring and forecasting σ t .
Finally, we conduct a horse-race of the ability of the moneyness volatility (MV) to forecast realized volatility as compared to IV. We perform the F-test, GN-test and DM-test using six major currency options (AUD, BP, CAD, EUR, JP and SF) of the World Currency Options (WCO) market traded on the Philadelphia Stock Exchange (PHX). These tests are performed both in-sample and out-of-sample to evaluate the relative performance of MV and IV in measuring and forecasting σ t . The in-sample tests determine the relative abilities of IV and MV in estimating σ t . The out-of-sample tests assess the ability of IV and MV to forecast σ t . In in-sample tests, the F-test, the GN-test and the DM-test provide consistent evidence indicating that MV outperforms IV in estimating σ t . Similarly, in the out-of-sample F-test, GN-test and DM-test, we find consistent evidence supporting the superiority of the MV technique in forecasting σ t as compared to that of IV.
